Estimation of biophysical variables based on airborne laser scanning (ALS) data using tree detection methods concentrates mainly on delineation of single trees and extraction of their attributes. This study provides new insight regarding the potential and limits of two detection methods and underlines some key aspects regarding the choice of the more appropriate alternative. First, we applied the multisource-based method implemented in reFLex software (National Forest Centre, Slovakia), which uses the information contained in the point cloud and a priori information. Second, we applied the raster-based method implemented in OPALS software (Vienna University of Technology, Austria), which extracts information from several ALS-derived height models. A comparative study was conducted for a part of the university forest in Zvolen (Slovakia, Central Europe). ALS-estimated variables of both methods were compared (1) to the ground reference data within four heterogonous stands with an area size of 7.5 ha as well as (2) to each other within a comprehensive forest unit with an area size of 62 ha. We concluded that both methods can be used to evaluate forest stand and ecological variables. The overall performance of both methods achieved a matching rate within the interval of 52%-64%. The raster-based method provided faster and slightly more accurate estimate of most variables, while the total volume was more precisely estimated using the multisource-based method. Specifically, the relative root mean square errors did not exceed 7.2% for mean height, 8.6% for mean diameter, 21.4% for total volume, 29.0% for stand density index, and 7.2% for Shannon's diversity index. Both methods provided estimations with differences that were statistically significant, relative to the ground data as well as to each other (p < 0.05).
Introduction
Forest ecosystems are an important base for renewable raw materials and natural resources. These ecosystems are, however, exposed to permanent disturbances caused by human actions and by biological or climatic agents (deforestation, forest fires, bark beetles outbreaks, droughts, etc.). Precise and up-to-date information about the state of forests and their changes is, therefore, very important for sustainable forest management, natural resource protection, and for forest science.
for ecological applications and describe a measure of the stocking and tree species diversity in a given forest.
Materials and Methods
The study area is located in central Slovakia and represents a part of the University Forest Enterprise of the Technical University in Zvolen (48 • 37'N, 19 • 05´E). The main part of the area is situated in the mountain orographic unit of the Kremnické and Štiavnické Vrchy. The elevation reaches intervals of 250-1025 m above sea level and the dominating exposures are south, east, and south-west. The southern parts are characterized by thermophile species, while the north slopes and ridges have typical mountain species.
Discrete ALS data and two groups of field data were available for purpose of this study: (1) Ground calibration data for construction of DBHs models and (2) ground reference data for validation of both methods (Figure 1 ).
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Figure 1.
Location of the study area with position of nine calibration plots (black points) and four reference stands (Blue polygon: Dominance of conifers; purple and orange polygon: Mix of conifers and broadleaves; red polygon: Dominance of broadleaves).
Estimation of Forest Stand Variables from Ground Reference Data
Ground reference data were collected during the leaf-on season in 2013 within four reference forest stands with different types of species mix (dominance of conifers, dominance of broadleaves, and a mix of conifers and broadleaves). Dominant species include European beech (Fagus sylvatica Linnaeus), Sessile oak (Quercus petraea Lieblein), European hornbeam (Carpinus betulus Linnaeus), European silver fir (Abies alba Miller), and Norway spruce (Picea abies Linnaeus). These stands covered approximately 7.5 ha, and their border was determined with GNSS measurements, resulting in a positional error of less than 1 m. A total of 2203 trees with DBH ≥ 7 cm and heights ≥ 5 m were measured for species, height, diameter, and vitality. A tree height threshold (5 m) was set with respect to conventional forest definitions by FAO FRA [25] . Tree height measurements were taken by the Vertex system and vertical accuracy was expected to be ±1.0 m. Measurements of DBH were performed with calipers at the millimeter scale. An overview of the ground reference data is presented in Table 1 . Table 1 . Forest stand characteristics across reference stands. 
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Estimation of Forest Stand Variables from Ground Reference Data
Ground reference data were collected during the leaf-on season in 2013 within four reference forest stands with different types of species mix (dominance of conifers, dominance of broadleaves, and a mix of conifers and broadleaves). Dominant species include European beech (Fagus sylvatica Linnaeus), Sessile oak (Quercus petraea Lieblein), European hornbeam (Carpinus betulus Linnaeus), European silver fir (Abies alba Miller), and Norway spruce (Picea abies Linnaeus). These stands covered approximately 7.5 ha, and their border was determined with GNSS measurements, resulting in a positional error of less than 1 m. A total of 2203 trees with DBH ≥ 7 cm and heights ≥ 5 m were measured for species, height, diameter, and vitality. A tree height threshold (5 m) was set with respect to conventional forest definitions by FAO FRA [25] . Tree height measurements were taken by the Vertex system and vertical accuracy was expected to be ±1.0 m. Measurements of DBH were performed with calipers at the millimeter scale. An overview of the ground reference data is presented in Table 1 . The quadratic mean diameter (d q ) was calculated based on diameters at breast height (Equation (1)), and the quadratic mean height (h dq ) was calculated using a regression height of the trees with d q as predictor.
where N is number of trees, DBH is diameter at breast height in centimeters, and i is the indices for the i-th tree. The total volume (V) calculation was obtained by summing up the tree data (v). The volumes of the measured trees were calculated based on models introduced by Petráš et al. [25] . The model predictors are tree height and diameter for the selected tree species (Equation (2)). The accuracy for these models reaches an average of 10% and empirical material includes 1886 broadleaved trees and 3588 coniferous trees from areas across Slovakia and Czechia.
where DBH is the diameter at breast height in centimeters and h is tree height in meters. Stand density indexes (SDI) were calculated based on the number of trees per hectare and the quadratic mean diameter (Equation (3)).
where NPH is the number of trees per hectare and d q is the quadratic mean diameter in centimeters. Shannon's diversity indexes (H) were calculated based on the relative proportion of tree species to the total number of species (Equation (4)).
where S is number of tree species and pl is proportion of the l-th species to the total number of trees.
Estimation of Forest Stand Variables from ALS Data
ALS data acquisition was performed in September 2011 using a Riegl L-680i scanner. The study area was scanned from an altitude of 700 m with a 60 • field of view, 320 kHz laser pulse repetition rate (PRR), and 122 Hz sampling rate (SR). The resulting vertical standard error was 0.047 m and the average density of point cloud reached 5.1 point/m 2 .
The estimation of forest stand and ecological variables from ALS data was carried out on a workstation with 8-core Intel(R) Xeon(R) CPU E5-2665 2.4 GHz processor and 32.0 GB RAM. The workflow for both methods is shown in Figure 2 and described in detail in following sections. 
Individual Tree and Tree Height Detection
Regarding the multisource-based method, the treetops, tree crowns, and tree heights were detected using the reFLex algorithm (National Forest Centre, Zvolen, Slovakia). There, the initial procedures (1) divided the points into a three-dimensional regular mesh, (2) calculated the absolute height above the ground for each point, and (3) reduced the number of points in the input file by applying a minimum tree height threshold (5 m). These operations produced a point cloud that was further used in an iterative search for treetops and tree crowns by using a moving-window analysis. Since there is a reason to assume that a part of the local maxima identified in the previous operation may not be indicative of real treetops, an additional geo-dendrometric (GD) test was applied. The GD test is linked to a priori information and includes two steps: (1) Evaluation of height differences between the local maxima, and (2) evaluation of horizontal and vertical distances between the local maxima. In this way, false treetops situated in the crowns of other trees are removed. The final procedures were applied to delineate the tree crowns. After the treetop identification and crown delineation phases were completed, tree height was recorded and crown coverage was calculated. Finally, the outputs of all procedures were exported to point and polygon vector files in an ESRI shapefile format. All details of the algorithm are listed in the study of Sačkov et al. [26] .
Regarding the raster-based method, the treetops and tree heights were detected using OPALS algorithm (Institute of Photogrammetry and Remote Sensing, Dept. of Geodesy and Geoinformation at the University of Technology in Vienna, Austria). The process of tree identification was carried out at input spatial resolutions of 1.5 m [27] . At first, the "cell module" was used for the derivation of models through accumulating the laser heights. Subsequently, two DSMs were created with a grid equal to the input spatial resolution. The first DSM was created using the interpolation method of moving planes with the quadrant selection mode. Hereby, a grid dataset was created representing the sigma of the grid post adjustment (i.e., the standard deviation of the unit weight observation).
The second DSM was created by the aggregation of the maximum values for laser height. The final DSM was created by combining these two DSMs and the sigma raster layer using the "algebra module". The DTM with a grid equal to the input spatial resolution was derived using the moving planes interpolation method with the quadrant selection mode. The CHM was created by subtracting the DTM from DSM. Statistical filtering was performed on the CHM using the "StatFilter module". The shape of the kernel environment was a circle and the max value was set as a parameter (i.e., the cell with highest value inside the defined area). In this way, the local maxima were localized across 
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Classification of Tree Species Groups
The classification was carried out for two general groups of tree species: (1) Broadleaves, and (2) conifers. These groups were classified based on combination of intensity raster and CHM with pixel size of 1.0 m. First, the range of spectral information in the form of the backscatter intensity of the laser signal for each group of species was identified through visual interpretation, and the intensity raster with pixels representing broadleaves, conifers, and ground was created. Second, pixels smaller than 5 m CHM height were removed from the intensity raster and, thus, the final intensity raster included only the broadleaved and coniferous group. Finally, one of the species groups was assigned to detected trees using zonal statistical functions.
Tree Diameter Derivation
The DBHs of the detected trees were derived based on nonlinear regression models through tree height as predictor. We found the exponential function to be most suitable for DBH derivation based on tree height ( Table 2 ). The statistical significance of models was assessed using the F-test at a significance level of α = 0.05. Here, the empirical material included 1372 trees from nine calibration plots covering a total area of 3.3 ha ( Figure 1) . A prevailing terrain slopes, development stages, and tree species mixture occurring in the reference forest stands were represented in these plots [29] . 
Tree Volume Derivation
The volume for detected trees was derived based on the same models and equations as in the case of the ground data (Equation (2)).
Calculation of Forest Stand and Ecological Variables
With respect to selected criteria (Section 2.1), only ALS-detected trees higher than 5 m were used for the purposes of this study. The stand height and stand diameter were obtained as the average of the tree data. The total volume calculation was obtained by summing up the tree data. The stand density index and Shannon's diversity index for detected trees were calculated based on the same models and equations as in the case of the ground data (Equations (3) and (4)).
Accuracy Assessment
Forest Stands Level
An accuracy assessment was carried out for the reference stands (7.5 ha). ALS-estimated stand variables using multisource-based and raster-based methods were compared to the ground reference data.
First, the following detection rates were assessed: (1) Extraction rate (ER), as the rate of all detected trees; (2) matching rate (MR), as the rate of detected trees that could be matched; (3) commission rate (CR), as the rate of detected trees that could not be matched; and (4) omission rate (OR), as the rate of reference trees that could not be matched.
Second, the overall accuracy for multisource-based and raster-based methods was assessed based on comparing ALS-estimated and ground-measured stand variables. The mean difference (e) was calculated as the average of individual differences and was used as an indicator of underestimation or overestimation. The random error component (se) was used to assess the dispersion of differences around the mean difference. The root mean square error (RMSE) was used to aggregate both the systematic and random error components. The resulting RMSE should indicate the range of total accuracy for the whole study area at the 68% confidence level. The relative e%, se%, and RMSE% were calculated as the ratios of their absolute values and the arithmetic average of the reference data. In addition, we used the Wilcoxon Test to assess the significance of differences (p < 0.05). This non-parametric test was selected primarily because a normal distribution of mean differences was not confirmed within the dataset (p < 0.05).
Third, we evaluated the effect of (1) detection rates and (2) selected stand parameters (in terms of tree species composition, mean height, mean diameter, and crown coverage, slope) on overall accuracy of ALS-estimations.
Forest Unit Level
An accuracy assessment was carried out for a comprehensive forest unit that was divided into a 10 × 10 m grid (62 ha; 6250 grid cells). ALS-estimated stand and ecological variables using multisource-based and raster-based methods were compared to each other within all grid cells.
Results
Forest Stands Level
The detection of individual trees and subsequent estimation of forest stand and ecological variables using the multisource-based method took 150 s (20.0 s ha −1 ), while the raster-based method lasted 102 s (13.6 s ha −1 ).
In Table 3 , the detection results per method are summarized. The best matching rate was found within the forest stands where coniferous trees dominated. Specifically, the overall performance of both methods achieved the matching rate within the interval of 52%-64% and the omission rate ranged from 36% to 48%. In contrast, the incorrect detections with an average value of 9% and 36% was produced by multisource-based and raster-based method, respectively. The overview of relative differences between ALS-estimated and ground-measured variables using multisource-based and raster-based method is presented in Tables 4 and 5. The raster-based method provided slightly more accurate estimate of most variables, while the total volume was more precisely estimated using the multisource-based method. Here, the total volume of false positive trees was only 20.3 m 3 ha −1 for multisource-based method, but up to 137.1 m 3 ha −1 for the raster-based method. The compared methods provided outputs with differences that were statistically significant relative to the ground data as well as to each other (p < 0.05). The effect of commission rate on accuracy of ALS-estimated variables was particularly pronounced in the case of the raster-based method in relation to the total volume and SDI. The ALS-estimated variables also showed sensitivity to selected stand parameters. The strong relationship (R 2 > 0.7) was found between detection ratio and tree species mixture as well as between the ALS-estimated mean height, mean diameter, total volume, and ground-measured variables, such as number of trees per hectare, quadratic mean height and diameter, and volume per hectare.
Forest Unit Level
The detection of individual trees and subsequent estimation of forest stand and ecological variables using the multisource-based method took 1200 s (19.4 s ha −1 ), while the raster-based method lasted 780 s (12.6 s ha −1 ).
The individual difference between methods reached the values of 1.1 m for mean height, 1.5 cm for mean diameter, 1.2 m 3 for mean volume, 151.7 units for mean stand density index, and 0.1 units for mean Shannon's diversity index. Simultaneously, these differences were statistically significant (p < 0.05). In Table 6 , the estimated variables per method are summarized. The maps of estimated variables for a comprehensive forest unit over grid cells (10 × 10 m) are displayed in Figures 3-7 . Table 6 . ALS-estimated variables using the multisource-based method and raster-based method at forest unit level. 
Method
Discussion
Mean Height
Our results confirmed the general statement that stand height is the most accurate forest inventory attribute within direct estimations based on the ALS data [30, 31] . In this study, the mean error ranged from −3.4% to 9.6% and RMSE% did not exceed the level of 7.2%. A slightly higher accuracy was achieved by the raster-based method (RMSE% = 6.1%) and within reference stands with substantial or moderate dominance of coniferous trees (C and CB). The trend related to differences, and their over-or underestimations was similar for both methods. The accuracy of the ALS-estimated mean height decreased with increasing stand density and increased as all other stand parameters increased. However, terrain slope of 15° or more caused an underestimation of the mean height. This underestimation could also be because the point density was relatively low. For example, Andersen et al. [32] reported a density of 5 points/m 2 as a minimum, and Takahashi et al. [33] recommended a density of at least 9 points/m 2 in order to achieve a difference in height estimates lower than 1 m. Despite the relative low density of the point cloud, however, our results for both alternative methods were within the range of achievable accuracy (6%-33%) indicated by Kaartinen and Hyyppä [34] . 
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Our results confirmed the general statement that stand height is the most accurate forest inventory attribute within direct estimations based on the ALS data [30, 31] . In this study, the mean error ranged from −3.4% to 9.6% and RMSE% did not exceed the level of 7.2%. A slightly higher accuracy was achieved by the raster-based method (RMSE% = 6.1%) and within reference stands with substantial or moderate dominance of coniferous trees (C and CB). The trend related to differences, and their over-or underestimations was similar for both methods. The accuracy of the ALS-estimated mean height decreased with increasing stand density and increased as all other stand parameters increased. However, terrain slope of 15 • or more caused an underestimation of the mean height. This underestimation could also be because the point density was relatively low. For example, Andersen et al. [32] reported a density of 5 points/m 2 as a minimum, and Takahashi et al. [33] recommended a density of at least 9 points/m 2 in order to achieve a difference in height estimates lower than 1 m. Despite the relative low density of the point cloud, however, our results for both alternative methods were within the range of achievable accuracy (6%-33%) indicated by Kaartinen and Hyyppä [34] .
Mean Diameter
The average accuracy of the one-parameter nonlinear regression models, which were used for DBH derivation, reached 19% in terms of standard error of estimates. Based on these models, we found that both alternative methods overestimated the mean diameter, but the difference between methods was minimal (0.8%). In detail, mean error reached value of 6.9 ± 6% for the multisource-based method and value of 6.1 ± 6% for the raster-based method. In both cases, the RMSE% was less than 9% and accuracy increased with increasing mean height. On the other hand, with increasing total volume and stem density, this accuracy decreased. Although the models used for DBH derivation in this study were relatively simple, the accuracy of mean diameter estimation was slightly higher than reported by other comparative studies [35, 36] . These studies provided accuracies of 15%-23% in terms of RMSE%, and models for DBH derivation often included more variables than just tree height (e.g., crown area, crown height, crown volume).
Total Volume
The volume of trees usually is calculated using volume models or equations, where information about tree height and diameter is required. In this study, we used two-parameter volume equations with an average accuracy of 10%. Here, we found the most striking differences between total volumes calculated using compared methods. The multisource-based method underestimated total volume within all reference stands. Mean error varied from −19.1% to −9.3%, and RMSE% was 15.0%. The raster-based method, however, overestimated total volume within all reference stands. Mean error varied from 6.3% to 31.1%, and RMSE% was 21.4%. On the other hand, in both cases, higher accuracy was found within reference stands with majority of coniferous trees (C). The accuracy decreased with increasing stand density, but increased as all other stand parameters increased.
With respect to other studies (e.g., [37] ), negative biases are achievable with higher probability and they are basically expected for the ITD approach; if some type of correction is not used and the fundamental requirement is also a low rate of commission error. Based on results from this study ( Table 2) as well as previous research [24, 27] , however, the raster-based method provides relatively many false positive trees. In this context, results provided by the multisource-based method could be considered more relevant and, ultimately, more accurate if some type of correction is not used. Other studies reported the accuracy ranged between 20%-43% [38] and different structures of volume models there were used. As an example, Naesset [39] used a percentile of pulse laser heights and canopy density for tree volume calculation. An even more complicated volume model was proposed by Tesfamichael et al. [40] that contained up to four predictors for tree volume calculation (i.e., ALS-derived height variables, stems per hectare, stand age, and the level of association between estimated and observed volume).
Stand Density Index
The SDI defines tree stocking level and, in a broad sense, describes wildlife thermal and hiding cover [41] . A relative measure of stand density provides a relationship between the number of trees per hectare and their quadratic mean diameter. In this study, the multisource-based method underestimated the SDI within all reference stands. The range of mean error was relatively small, from -24.0% to -32.6%, and the RMSE% was 29.0%. The raster-based method tended to overestimate SDI, with the exception of coniferous stand (C). This method estimated the SDI with a wider range of mean error, from -11.0% to 16.0%, and the RMSE% was 14.7%.
With regards to the SDI formula, the crucial point for density prediction represents the performance of tree detection. Here, the extraction algorithm and point density or grid resolution is the main factor affecting the accuracy of tree detection [32] . A very fine grid resolution increases the potential for false positives (commission rate), while a too-coarse resolution or low scanning density leads to an increased number of undetected trees (omission rate). Vauhkonen et al. [42] stated that the accuracy of tree detection in Scandinavia and Central Europe forests should be around 70%. Regarding algorithms used in this study, the accuracy of tree detection is found within the interval of 52%-84% according to the results from this study ( Table 2 ) and previous research for the same study area [26, 27] . However, the commission rate of the raster-based method may exceed 45%, while the commission rate of multisource-based method is usually within 8%. This is because the algorithm used in the multisource-based method includes an iterative process for the elimination of false treetops. All this ultimately causes significant differences between alternative methods, especially for cumulative stand variables (e.g., tree stocking).
Shannon's Diversity Index
The H is a mathematical measure of tree species diversity and provides important information about the rarity and commonness of species in given forests. Specifically, it is the relative proportion of tree species to the total number of species, where H = 1 means complete evenness of tree species across the study area. The estimation of tree species diversity using ALS data has proven to be a difficult task because of the lack of spectral information [43] . Species-specific estimations are, therefore, mostly realized by combining ALS data and aerial photography. The correct spatial adjustment of the information derived from diverse sensors, however, is required in these cases [44] .
In this context, our study applied only spectral information in the form of backscatter intensity of the ALS data for tree species classification and for subsequent tree species diversity estimation. Both algorithms overestimated the H value in coniferous and mixed forest (CB and BC). In the case of reference stands with broadleaved forest (B), the H values were underestimated. Overall, the differences between methods did not exceed 3.5% at both levels. A similar data source was chosen by Ørka et al. [45] or by Korpela et al. [46] . These studies were focused on the classification of coniferous and broadleaved trees and they reported an overall accuracy in the range of 33%-88%. Dalponte et al. [47] focused directly on the prediction of Shannon's diversity index. The mean absolute deviation reached value of 9.6% when an area-based approach and a Leica ALS70 scanner was used.
Conclusions
This study demonstrated that forest stand and ecological variables can be estimated with sufficient accuracy using tree detection methods from both original ALS point clouds and ALS-derived digital models.
As expected, the raster-based method was less time consuming than the multisource-based method. The difference in time consumption was, however, only 6 s per hectare, and the algorithm of multisource-based method additionally included an iterative verification of detected trees. In this context, the estimation of cumulative variables, such as total volume and SDI, should be less affected by false positive trees when using the multisource-based method. On the other hand, the raster-based method provided slightly more accurate estimations for all other stand and ecological variables. The overall accuracy of most variables increased with increasing the proportion of coniferous trees, mean height, and diameter, but decreased with increasing stand density. The compared methods provided estimations with differences that were statistically significant relative to the ground data as well as to each other.
Future research should include gradual testing of the methods in different forest conditions to assess their applicability to forest inventories practice. Furthermore, development of more precise models for DBH derivation, and testing of enhanced methods for tree species classification will be needed in the future.
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